Abstract: The self-incompatibility of tea plant (Camellia sinensis (L.) O. Kuntze) was studied with the methods of aniline blue fluorescence assay and paraffin sections. The characteristics of pollen tube elongation after hand pollination was analyzed in 4 tea cultivars, including 'Keemenzhong', 'Longjing-changye', 'Fuding-dabaicha' and 'Yabukita', under selfpollination and cross-pollination, respectively. Although there were some difference among cultivars, pollen tubes elongated through the style and reach the ovary successfully at 48 h after pollination for both cross-and self-pollen tubes in all the four cultivars of tea. Pollen tubes entered into the ovule micropyles, however, only for cross-pollination, but not for selfpollination. Pollen tubes of selfing plants, failed in fertilizing, seemed have some difficulties to enter the ovule. All of which indicated that the self-incompatibility of tea plant is a late-acting self-incompatibility system (LSI) or an ovarian sterility (OS), in which the self incompatibility was due to none self pollen tube penetrating into the ovule and no fertilization.
Introduction
Tea (Camellia sinensis L.), originated from southwestern China, has been one of the most important high income crop in China, and is popular in the world as 'health drink' for its beneficially functional ingredients (Mondal et al. 2004; Chen et al. 2007 ). Belonging to the family of Theacea, tea has been classified into three types, including China (C. sinensis), Assam (C. assamica) and Cambod (C. assamica sub spp lasiocalyx) type according to the well defined taxonomic traits, especially characteristics of the leaf (Balasaravanan et al. 2003; Mondal 2002; Mondal et al. 2004 ). Due to the high income from tea, there has been great improvement in tea breeding, however, that is still slow due to some bottlenecks, for example, perennial nature, long gestation periods, high inbreeding depression and selfincompatibility (Mondal et al. 2004) .
Self-incompatibility is a genetically controlled mechanism, and extensively exist in plant, functioning to depress inbreeding production and to enhance heterozygosity (de Nettancourt 1997; Sage et al. 2006; Fuchinoue 1979) . The tea plant exhibits allogamy and self-incompatibility, and being highly heterozygous and heterogeneous (Kaundun & Matsumoto 2002; Chen et al. 2005; Zhao et al. 2008) . Cultivated tea has been selected on yield, quality and stress resistance among the existing materials resulting from the natural pollination in China. Therefore, the widspeard cultivation of clonal tea can diminish genetic diversity (Mondal 2002) . Production of homozygous diploids plants, however, is very important in tea improvement, while the genetic characteristics of the tea plant are still poorly clarified and it causes significant negative effects to tea breeding, though there have some reseaches about self incompatibility of tea plant (Shimura & Oosone 1956; Fuchinoue 1979; Tanaka 1988) , and pseudo-selfincompatibility has been reported in some Kenyan tea clones (Wachira & Kamunya 2005) .
Therefore, knowledge of genetic characteristics and reproductive biology of tea germplasm is an important prerequisite for future breeding and crop improvement programs, especially will provide a guide to the artificial hybridization breeding or distant hybridization breeding in tea plants. In this paper, the methods of aniline blue fluorescence assay and paraffin sections were used to analyze the characteristics of pollen tube elongation after hand pollination in 4 tea cultivars.
Material and methods

Plant material
Four plant materials including an open pollinated population 'Keemenzhong' , and three tea clone lines 'Longjingchangye', 'Fuding-dabaicha' and 'Yabukita' were used for the observation of pollen tube elongation. 'Keemenzhong' (C.sinensis cv. Keemenzhong), is a national elite cultivars selected from landrace, with high yield, high quality, excellent cold resistance, and high seed set. 'Longjing-changye' (C. sinensis cv. Longjin-changye) is a national clone regeistered in 1994, selected by Tea Research Institute Chinese Academy of Agricultural Science, with early budding, high quality, cold resistance, and resistance to disease and pest.
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X. Chen et al. 'Fuding-dabaicha' (C. sinensis cv. Fuding-dabaicha) is also national clone selected from landrace, with high yield and quality, drought resistance, cold resistance and strong cutting propagation.'Yabukita' (C. sinensis cv. Yabukita) is the leading tea cultivar in Japan, also with cold resistnace and high seed setting.
Pollination treatment
Pollination was carried out at Tea Research Institute of Anhui Province from October to November in 2007, when the tea is in blooming stage. Flower buds were emasculated and bagged at white bud stage, when buds is enlarged and about to open, selfpollinated or cross-pollinated in the next morning from 8: 30∼10: 00, and then rebagged immediatally after pollination. Pollination treatments are as follows, 'Keemenzhong' self pollination, 'Keemenzhong' cross pollination, 'Longjingchangye' self pollination, 'Longjin-changye' × 'Fudingdabaicha', 'Fuding-dabaicha' self pollination, 'Fudingdabaicha' × 'Yabukita', 'Yabukita' Self pollination, and 'Yabukita' × 'Longjin-changye'. Thirty flowers were used in each treatment.
Flowers were sampled at different intervals (1, 3, 6, 9, 24, 48 h) after pollination, and stored in the fixing solution of F.A.A (formaldehyde:acetic acid:alcohol 1:1:8 v/v).
Observation of pollen tube elongation with fluorescence microscopy The pollen germination was observed with the method of fluorescence microscopy as described by Hiratsuka et al. (1987) with a slight modification. Fixed in F.A.A for at least 24 hours, the stigma was washed by deionized water, macerated in 2 M NaOH for 15 minutes, then thoroughly washed in deionized water for 3 times. Lastly, the stigma was stained in the solution of 0.1% aniline blue dissolved in 0.15 M K2HPO4 for 15 minutes. The stigma was subsequently placed in a drop of glycerin on a slide, squashed under a cover slip to make the material spread out evenly. Olympus fluorescence microscope (XS.T-2) was used for microscopy observation and taking photographs. The elongation of pollen tube was determined as the ratio of the length of pollen tube to that of the style.
Observation of pollen tube penetration into ovary Flowers were collected and fixed in F.A.A. The ovaries were taken out from the flowers and embedded paraffin. Nine-µm-thick transverse sections were prepared from the slices using a microtome (YL-3, Shanghai Instrument Co.). The sections were mounted, stained with 0.1 % aniline blue, scanned and photographed under a XS.T-2 microscope (Olympus PM-ADS).
Results
Pollen tube elongation in style after pollination Pollen tubes elongated through the style successfully at 24-48 h after self pollination or cross pollination in all the four cultivars of tea (Table 1, Fig. 1 ). The elongation rate, determined with the ration of the length of the longest pollen tube to that of the style, showed difference among cultivars (Table 1) . The elongation rate is higher in cross pollination treatment than that in self pollination especially in 'Fuding-dabaicha'. For the other cultivars, however, there was no significant difference in the elongation rate between the cross and self pollination from 6 hours after pollination, except at 24 hours after pollination in 'Yabukita' (Table1).
Pollen tube elongation in ovary after penetrating through the style Since both cross-and self-pollen tubes can reach the ovary at 48 h after pollination, the paraffin section of tea ovary was conducted to observe the pollen tube in the ovary at 48 h after pollination, based on callose fluorescence produced by thickening and development of callose plugs as well as arrested pollen tube development (Gibbs & Bianchi 1999) .
Callose fluorescence of cross-pollen tube was observed in both ovary cavity and ovule in all the three tea cultivars at 48 h after cross pollination. While in self pollination, no callose was noted in the ovule at 48 h after self pollination in all the three cultivars although the self pollen tube can be observed elongating in the style. It is that self pollen tube just stayed in the ovary cavity or around the ovule, without penetrating into the ovule (Fig. 2) .
Discussion
Since its low natural seed set and weak self-fertility, tea was considered to be self-incompatibile (SI) plant. And because its pollen can germinate on the stigma, the self-incompatibility of tea had been classified as gametophytic self-incompatibility plants (Fuchinoue 1979) . In our research, although there were some differences in the growth of pollen tubes between self-and crosspollinations, both cross-and self-pollen tubes can reach the ovary at 48 h after pollination. That shows the difference of phenotype between self-incompatibility of tea and other gametophytic self-incompatibility trees, in which pollen tubes degrade in style and cannot cross style since the role of S-RNase or regulator of apoptosis started by CaM (Kunz et al. 1996; Sijacic et al. 2004; McClure & Franklin-Tong 2006) . The result that self pollen tube can cross style has been reported by Shimura & Oosone (1956) . But they reported the inferiority of the fruiting-rate of the selfed flowers in comparison with the crossed flower is caused by the difference of the growing-rate of the pollen-tubes between them in C. sinensis (Shimura & Oosone 1956) . That is different with our result, that pollen tubes of selfing plants, failed in fertilizing, seemed have some difficulties to enter the ovule (Fig. 2) . While pollen tubes of crossing plants, succeeded in fertilizing, have successfully penetrated the ovule (Fig. 2) .
Callose fluorescence of self-pollen tube was only found in the ovary cavity and around the micropyle, but not in the ovule (Fig. 2) . That implies that self incompatibility reaction depresses the penetration of self pollen into the micropyle in tea. Such phenomenon that self-pollinated flowers failed to seed although pollen tubes could grow to the ovary has been named ovarian or late-acting self-incompatibility (LSI), in contrast with conventional sporophytic (SSI) and gametophytic (GSI) self-incompatibility systems, in which SI barriers usually occur at stigmatic and stylar levels of the Fig. 2 . Cross section of ovary at 48h after self pollination and cross pollination in different cultivars of tea, including 'Longjing-changye', 'Fuding-dabaicha'and 'Yabukita' , respectively. A -'Longjing-changye' self pollination; B -'Longjin-changye' ×'Fuding-dabaicha'; C -'Fuding-dabaicha' self pollination; D -'Fuding-dabaicha' × 'Yabukita'; E -'Yabukita' self pollination; F -'Yabukita '× 'Longjinchangye'; pt, pollen tube; dpt, degraded pollen tube; es, embryo sac; oc, ovarian cavity; ov, ovule.
pistil, respectively (Seavey & Bawa 1986; Nelson et al. 2006) . Therefore, the self-incompatibility of tea should be "late-acting self-incompatibility" or "ovarian sterility", since the pollen tubes could elongated in the style and into the ovary, and because of none penetration into ovule and no fertilization, it should be the pre-zygotic type, similar to earlier study (Roger 1975) .
It had been reported that self incompatibility reaction result in altered ovule development prior to entry of ovaries by self-pollen tubes (Sage et al. 1999 (Sage et al. , 2006 , that arrest the penetration of self-pollen into ovule. Sage et al. (2006) reported that developmental changes in ovules from self-pollinated flowers eventually resulted in integument and embryo sac collapse, that result in the reduction in the number of ovules penetrated by self-pollen tubes in Ipomopsis aggregata. In Bignoniaceae species, it also was found that self pollen tubes elongated in the style but reproductive disorders still occurred (Gibbs & Bianchi 1999) . In our research, however, the changes of ovule development resulted from self incompatibility had still not been observed in tea. How self incompatibility depresses the penetration of self pollen tube into ovule after self pollination in tea plant should be elucidated by more research work.
Late acting self incompatibility didn't described in detail until 1986 by Seavey & Bawa, here we showed the late acting self incompatibility of tea depend on the observation that both pollen tubes of self and crossed can penetrate through the style to the ovary, but the self pollen tube can not enter into the ovule. Fuchinoue (1969) reported that endosperm and embryo abortion occurred in the early stage of embryo development, and Tanaka (1988) reported a method to identify the cultivars using self-incompatibility by the presence or absence of fertilization nine or more days after pollination, which support our result that the self-incompatibility of tea should be late-acting self incompatibility. Lateacting self-incompatibility in tea also has been reported by Wachira & Kamunya (2005) , but self-pollen penetrating the ovule was observed. Under natural conditions, seed set of tea is very low, with an average of 2%. Even by artificial pollination, the seed set of self-pollination is only about 2.2% (Jiang 2005) , but up to 20% selfing was determined in some Kenyan tea germplasm (Wachira & Kamunya 2005) . The different result in self pollen penetrating ovule of tea may be caused by the different varieties and the experiment environments, since the phenotypically plastic trait of self-incompatibility has been reported to be related to genetic (Hiscock 2000) , environment (Porcher & Lande 2005) and other factors (Sage et al. 2006 ).
In conclusion, the self-incompatibility of tea should be "late-acting self-incompatibility" or "ovarian sterility", since the pollen tubes could elongated in the style and into the ovary, and further classified into the prezygotic type because of none self pollen tube penetrating into the ovule and no fertilization.
